The brushless dc motor (BLDCM) suffers the prominent drawback of torque ripple, a novel hybrid control strategy based on dc link voltage control and fuzzy PID controller is proposed to suppress torque ripple of BLDCM. The circuit topology contains a power factor correction (PFC) buck converter and a inverter. The PFC buck converter reduces the commutation torque ripple by controlling dc link voltage, the inverter using fuzzy PID controller and pulse width modulation (PWM) technique supplies the appropriate current in the conduction region. The experimental results show the proposed strategy suppresses torque ripple efficiently with the function of power factor correction.
Introduction
Due to low inertia, high torque, high reliability and fast response, the brushless dc motor is widely used in household and industrial applications [1, 2, 3] . However, the brushless dc motor has a extrusive disadvantage of torque ripple, which can increase the vibration and noise, prevent BLDCM from acquiring high performance and restrict its application in high precision situations [4, 5] . So, the torque ripple of BLDCM has become an important research point [6, 7, 8, 9, 10, 11 ]. An original theoretical derivation is presented in [6] about the fundamental cause of commutation torque ripple, from which a conclusion has been drawn that the cause of the torque ripple is the different current slew rates between incoming and outgoing phase. The method of reducing torque ripple of brushless dc motor by varying input voltage is presented in [7] , it indicates that the torque ripple depends on the current ripple if the back electromotive force is invariant, the torque ripple can be reduced by reducing the current ripple, the current ripple can be reduced by varying input voltage. It is an efficacious and practical method to add some special topology of a circuit in brushless dc motor drives to alter its input voltage, as presented in [8, 9, 10, 11] . In [8] , a buck converter is placed in the front of the inverter to produce desired dc link voltage, accordingly torque ripple is evidently reduced, but its voltage adjustment is performed only by the buck converter, the inverter only performs the commutation function, its regulating voltage speed isn't fast enough, because the adjusting voltage time of the buck circuit is usually longer than the commutation interval. In [9] , a novel single-ended primary inductor converter circuit and a dc link voltage control strategy are adopted to keep the incoming and outgoing phase current changing at the same rate, resulting in the great reduction of commutation torque ripple, but it needs switch selection circuit. In [10] , a novel commutation torque ripple reduction strategy for BLDCM is proposed based on the Z-source inverter, which possesses the buck and boost ability for BLDCM drive system, the commutation torque ripple is reduced by regulating the shoot through vector introduced by Z-source inverter and the active vector duty cycles, but speed of voltage adjustment is somewhat slow. In [11] , a control strategy based on quasi-Z-source net for BLDCM is proposed, which can reduce the commutation torque ripple in a wide speed range by a desired voltage power supply, but it also needs power selection circuit. In this paper, a novel technique that combine PFC buck converter circuit with inverter controlled by fuzzy PID for torque ripple reduction is proposed. In commutation region, a desired dc voltage supplied by the buck converter drives commutation currents to change in the same slew rate, the commutation torque ripple is greatly reduced because it will vanish in theory when the current slopes of the incoming and the outgoing phases are equalized. In conduction region, a appropriate dc voltage that meets the demand of speed is supplied by buck converter and inverter, so the torque maintain smooth and steady. The buck converter circuit keeps voltage constant, while the inverter regulates current in PWM modulation method. The experimental results show that the proposed strategy can reduce torque ripple greatly over wide speed ranges with power factor correction and fast response of dc voltage regulation.
Analysis of torque ripple
A typical functional block diagram of a three-phase brushless DC motor drive system is shown in Fig. 1 . The brushless DC motor has three windings on the stator and permanent magnets on the rotor, is fed by a current controlled inverter. The voltage equation is given . (1) where uA, uB, and uC are the terminal phase voltages, UNO is the neutral-point voltage of three phase windings ,iA, iB, and iC are the phase currents, eA, eB, and eC are trapezoidal back electromotive forces, R is the resistance of phase winding, L is the equivalent inductance of phase winding, L= Ls-M ,Ls is self-inductance of the phase winding , M is the mutual inductance of the phase windings. The torque is given by
Where ω is the speed of the rotor. In the conduction region, phase A and phase B are supposed to be the conduction phase, the phase back electromotive force is supposed to be constant and is denoted by EM, because ia+ib+ic=0, the conduction phase current is denoted by im ,the torque equation can be derived from (2) .
According to the above formula, we may conclude that in the conduction region the torque is proportional to the conduction phase current amplitude, the torque will maintain constant if the phase current is constant. Three-phase winding equivalent circuit during the commutation is shown in Fig.2 , the commutation of the current from phase A to phase B is considered, the voltage equation can be derived as
Where Udc is the input voltage of the inverter, during the commutation the phase back electromotive force is denoted by Em, the neutral-point voltage can be derived as follows:
Since the resistance drop of the winding is small, its effect can be neglected, the current derivatives can be derived as follows:
According to equation (2), and iA+iB+iC=0, the torque in the commutation region can be derived as follow:
This equation indicates that the torque is proportional to non-commutation phase current, if the non-commutation phase current is constant during commutation, the electromagnetic torque can be constant during commutation, that is the phase C current derivative is zero, According to equation (6) ,the follow equation can be derived:
By substituting equation (8) into the equation (6), the result can be obtained as follow:
Equation (7)- (9) show that, if Udc=4Em, the torque ripple will be zero during commutation, and the switching-in phase and switching-out phase currents will change at the same rate in the commutation region.
Proposed control strategy for BLDCM
The proposed control strategy for BLDCM is expounded through the two parts as follows: 3.1 The theory of proposed control strategy for BLDCM The proposed circuit configuration for BLDCM driving system with a buck converter is shown in Fig. 3 , which is comprised of a buck converter and a voltage source inverter (VSI). The buck converter performs the function of voltage regulation and power factor correction, the voltage source inverter performs the function of commutation and current regulation.
In commutation region, according to the above analysis, the dynamic dc voltage required for the BLDCM is 4Em which is in proportion to the BLDCM speed, the voltage adjustment task at this interval will be accomplished independently by the buck converter, meanwhile it performs the function of power factor correction, at this interval voltage source inverter only plays the role of commutation, namely it amounts to an electronic commutator. BLDCM is usually supplied by ac mains through a diode bridge rectifier and a dc capacitor [12] . It draws large input current harmonics, reduces the power factor of the input ac mains. So, a active power factor correction circuit is necessary for a BLDCM drive to make the input current meet the harmonics standard [13] . The widely used power factor correction circuit topologies are classified into the buck converter, the boost converter, and the buck-boost converter, according to the function [14] [15] [16] .Among these converters, the buck converter is suited for applications where the input voltage is higher than the output voltage and a wide range of dc link voltage control is required. The proposed buck converter (as shown in Figure 3 ) combines the dc link voltage regulation with the power factor correction, it supplies a desired dc link voltage proportional to the speed of the BLDCM ,meanwhile improves power factor at input ac mains. In conduction region, the proposed buck converter continues to improve power factor at input ac mains, its output voltage continues to be 4Em. The voltage source inverter regulates the motor speed in the double closed loop control strategy based on a fuzzy PID controller in the speed loop and a PI controller in the current loop ,it actually outputs a desired voltage in steady state. The proposed control strategy combining the buck converter with the fuzzy PID controlled inverter can improve the speed of the voltage respond, reduce the operation frequency of voltage source inverter and produce the appropriate width of pulse which is almost unaffected by the dead zone, maintain the speed of the motor smooth and is robust to the time -varying and nonlinear property of the The proposed circuit configuration of BLDCM driving system with a buck converter.
BLDCM. 3.2 The fuzzy PID Control
The PID controller is a classical close loop feedback control which corrects the error between the desired value and the actual value, it has been the most commonly applied in modern industrial control area due to the advantages of simple operation, easy implementation, clear functionality and effectiveness for most linear systems [17] . The best control system should have satisfactory performance such as small rise time, small overshoot and small steady state error. However, the traditional PID controller is difficult to achieve good performance in the nonlinear, time-variant and coupling system and in the complex system with uncertain parameters. Meanwhile, the traditional PID controller cannot change parameter to fit the operation condition [18] . Because the BLDCM drive is a nonlinear, time variant and coupling system, this paper applies the fuzzy PID controller to the inverter of BLDCM drive, which can adjust adaptively the PID parameters by using the fuzzy logic.
The configuration of the fuzzy PID controller is shown in Fig. 4 , the fuzzy controller adjusts the gain parameters kp, ki and kd of PID controller on line according to the error and differential error. The fuzzy controller consists of two inputs and three outputs, where error e and its differential ė are the inputs, and the gain parameters kp, ki and kd of the PID controller are the outputs. The fuzzy controller can tune PID parameters adaptively based on the nonlinear relationships between the PID parameters and response characteristics of BCDCM drive, which is established according to the experience, input-output data and fuzzy set theory. The fuzzy controller is mainly comprised of four main sections: a fuzzification interface, a knowledge base, decisionmaking unit, and a defuzzification interface [19] . The fuzzification interface transforms the crisp input data into proper fuzzy set by the scaling factor and membership function. The knowledge base involves a data base and a fuzzy control rule base. The decisionmaking unit transforms the input fuzzy set into the output fuzzy set with aiding of the fuzzy rule base. The defuzzification interface transforms the output of the fuzzy set into the actual control value. In this paper, the discourse domain range of the input and output variables are [-6,6] ,the fuzzy discourse domain of input and output variables are all divided into 7 fuzzy sets: negative big (NB), negative medium (NM), negative small (NS), zero (ZO), positive small (PS), positive medium (PM) and positive big (PB). The membership functions of input and output linguistic variables are shown in fig.5 , The fuzzy control rules are acquired from the characteristic of the system and the experience of expert. The chosen fuzzy control rules are listed in Table I , which are made in view of Mamdani control rule and fast response, where e(k) is error at the kth moment, △e(k) is change of error at the kth moment. Mamdani max-min method is used for fuzzy inference, the weighted average method is used for defuzzification.
Experimental result
To verify the practicability of the proposed strategy, the BLDCM drive system with the buck circuit is constructed, which controller is implemented by the TMS320F2812 type DSP, the parameters of the experimental BLDCM are shown in Table Ⅱ .
The functional block diagram of the drive system controlled by the proposed strategy is shown in Fig. 6 . The dc link voltage is regulated by the buck converter with the PWM control. The motor speed is derived from the rotor position, which is provided by the Hall effect sensors. A double closed loop of speed and current is applied to the drive system, a fuzzy PID controller is used to control the speed and generate the reference current, a PI controller is used to adjust the phase current. Figs. 7 and 8 compare the speed waveforms without and with the use of the proposed strategy at 1000 and 500 r/min, respectively.
As can be seen in Fig. 7-8 , there is some speed overshot in the drive system without the use of the proposed strategy, the speed and torque ripple is suppressed effectively with the use of the proposed strategy, the effect of speed and torque ripple suppression is more obvious at low speed than at high speed. Fig. 9 and 10 shows the phase current waveforms without and with the use of the proposed strategy at 1000 r/min, respectively. It can be seen that the phase current is more ideal in the proposed strategy, its slopes of incoming and outgoing phases during commutation are nearly equal, so the torque ripple during commutation is reduced effectively. Fig. 11 shows the input current waveform of the buck circuit in the proposed The input current waveform of the buck circuit strategy, it can be seen that the current is somewhat close to the sinusoidal waveform, it illustrates the proposed strategy can improve the power quality, reduce current harmonics and correct power factor compared with the diode bridge rectifier.
Conclusion
A novel hybrid control strategy which combines dc link voltage control with PWM technique used in the converter is proposed to suppress torque ripple of BLDCM in this paper. A buck converter is added in front of the inverter, it supplies the appropriate dc link voltage which is four times the phase electromotive force of the BLDCM. The torque ripple during commutation can be suppressed by the desired voltage supplied by the buck converter. In conduction region, the output voltage of the buck converter remains unchanged, the inverter under the fuzzy PID control supplies the desired current of the motor in PWM method. The duty ratio of inverter is about 1/2, so the inverter can work at low frequency. The proposed strategy can suppress torque ripple, expand the speed range of the BLDCM drive system, correct the power factor and reduce the switch frequency. Finally, the experimental results verify an improved performance of the proposed strategy.
